Abstract-Dimming control is of vital importance for visible light communication (VLC) systems. Conventional dimmable transmission schemes based on compensation are spectrally inefficient. In this paper, we propose the use of two techniques, i.e., time-sharing and superposition, to construct spectral-efficient dimmable transmission schemes. For VLC systems with on-off keying (OOK) signaling, we present a general framework to construct dimmable transmission scheme by time-sharing among different dimming control codes. Arbitrary dimming target is achieved by adjusting the proportion of each dimming control code. We, then, give a practical construction of dimming control codes with semi-constant weight codes. We obtain optimal proportions of the semi-constant weight codes, which maximize the asymptotic spectral efficiency using linear programming. We also compute achievable rates of the proposed scheme under different dimming targets and different signal-intensity-to-noise-amplitude ratios. To achieve higher spectral efficiency (>1.0 (b/s)/Hz), we present a dimmable multilevel transmission scheme based on superposition. In the proposed scheme, the first −1 levels adopt traditional OOK modulation, whereas the th level adopts the dimmable transmission scheme for OOK modulation. The transmitted signal is formed by superimposing modulated signals of the levels. Analysis shows that the proposed scheme achieves a higher spectral efficiency than the state-of-the-art schemes. Hence, it provides an attractive candidate for dimmable VLC systems with demanding spectral efficiency.
I. INTRODUCTION

V
ISION of International Mobile Telecommunications (IMT) for 2020 and beyond, known as the fifth generation (5G), has been released recently [1] , [2] to address the ever-growing demand for data services. As a promising complementary technique of traditional radio frequency communications, visible light communication (VLC), which uses visible light spectrum from 370 to 780 nm for shortrange optical wireless communication, has attracted great S. Zhao is with the College of Information Science and Technology, Jinan University, Guangzhou 510632, China (e-mail: shanchengzhao@jnu.edu.cn).
X. Ma is with the School of Data and Computer Science, Sun Yat-sen University, Guangzhou 510006, China (e-mail: maxiao@mail.sysu.edu.cn).
Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JLT.2017.2701413
attention [3] - [6] . Typically, intensity modulation with direct detection (IM/DD) is used in VLC systems. Based on IM/DD, various modulation schemes have been proposed, including on-off keying (OOK), pulse amplitude modulation (PAM), pulse position modulation (PPM), color shift keying (CSK) [7] , [8] , and orthogonal frequency division multiplexing [9] , [10] . An important feature of VLC systems is that dimming control is required. In VLC systems with OOK signaling, dimming control can be realized by adjusting the ratio of ONs to OFFs [11] . Theoretically, the maximum spectral efficiency under a given dimming target is determined by the binary entropy function. In [11] , Kwon proposed to use inverse source coding to approach the maximum. However, to apply inverse source coding scheme, the link is required to be error-free, which is unrealistic. To our best knowledge, no practical implementation of the inverse source coding scheme has been proposed in the literature.
Comparison results in [5] showed that OOK modulation admits lower implementation complexity than some wellknown modulation schemes, including CSK and DC biased OFDM. Hence, design of dimmable coded/uncoded transmission scheme for VLC with OOK signaling has attracted great attention recently. Compensating an all-one or an all-zero sequence of appropriate length in the channel coded sequence is the simplest way to achieve dimming control [12] , [13] . Since the compensated sequence does not carry information, compensation-based dimmable transmission schemes are typically spectrally inefficient [11] . In [14] , the authors proposed the use of Reed-Muller codes for dimming control for OOK modulation. In [15] , a turbo-based coded dimmable transmission scheme was proposed by puncturing and scrambling. To support a wide dimming range, the authors of [16] proposed to use rate-compatible punctured convolutional (RCPC) codes. In [17] , a novel coded dimmable transmission scheme was proposed by adjusting the lifting factor of binary quasi-cyclic (QC) low-density parity-check (LDPC) codes. One characteristic of the transmission schemes in [15] - [17] is that error control and dimming control were jointly designed, which indicates that the channel coding rate is restricted by the dimming range. In 2014, a different dimmable transmission scheme was proposed in [18] based on constant weight codes (CWC). To achieve error control, the authors of [18] attempted to design CWCs with large Hamming distance. Their code lengths were constrained to be binomial coefficients. Recently, a dimmable transmission scheme by concatenating non-binary low-density parity-check codes [19] and CWCs was proposed in [20] . One advantage of this scheme is that, to achieve a wide dimming range, it requires essentially the same hardware architecture to implement the encoder/decoder pair.
Spectral efficiency of OOK-based VLC systems is upper bounded by 1 (b/s)/Hz. To achieve higher spectral efficiency, we typically resort to high-order modulations. Based on spherepacking argument, Wang et al. derived upper and lower bounds on the capacity of dimmable VLC systems [21] . Their upper bound was further improved in [22] . In [23] , Wang et al. proposed a computationally simple approach to obtain capacityapproaching input distribution of pulse amplitude modulation (PAM) for dimmable VLC systems. These results provided guidelines to the design of spectral-efficient dimmable transmission systems. In [24] , Ahn and Kwon extended the inverse source coding scheme for OOK modulation to M -ary PAM. They also compute the probability distribution with optimal transmission rate under a given dimming targets. Similar to inverse source coding for OOK modulation, no practical implementation of the inverse source coding has been proposed for M -PAM in the literature. In [25] , Lee et al. proposed a practical dimmable transmission scheme with improved spectral efficiency by concatenating different PAM symbols. For VLC systems equipped with light emitting diode (LED) array, Siddique and Tahir proposed a dimmable multilevel transmission scheme by controlling the number of LEDs switched on [26] . However, noticeable gap exists between the transmission rate of these schemes and the corresponding capacity lower bound. Hence, it is necessary to design new spectral-efficient dimmable transmission scheme.
In this paper, we are concerned with the design of lowcomplexity dimmable transmission scheme with improved spectral efficiency for OOK modulation and M -PAM. Motivated by the work of [25] , for OOK-based VLC systems, we present a general framework to construct dimmable transmission scheme by time-sharing among different short-length dimming control codes. Arbitrary dimming target is achieved by adjusting the proportion of each dimming control code. Within the framework, we present an implementable dimmable transmission scheme by taking semi-constant weight codes as the component dimming control codes. The optimal proportion of each semi-constant weight code is obtained by linear programming with the objective of maximizing the asymptotic spectral efficiency. We also compute achievable rates of the proposed transmission scheme under different dimming targets and different signal-intensity-to-noise-amplitude ratios (SINAR). To achieve higher spectral efficiency, we investigate dimmable transmission scheme for VLC systems with M -PAM signaling. Based on superposition, we propose a dimmable multilevel transmission scheme, in which the dimmable transmission scheme proposed for OOK modulation is used as a construction block. Particularly, in the proposed scheme, the i-th (1 ≤ i < ) level adopts traditional OOK modulation with amplitude 2 i . To achieve dimming control, the -th level adopts the dimmable transmission scheme of OOK modulation with amplitude 2 −1 . The transmitted signal is then formed by superimposing the levels of modulated signals. Analysis shows that the asymptotic spectral efficiency of the proposed scheme is higher than that of the scheme in [25] .
II. SYSTEM MODEL
In VLC systems, messages are carried by the optical intensity of the light emitted from the LED. Let the random variable X denote the driven electrical signal of the LED. For practical consideration, the transmitted signals are restricted to be nonnegative, i.e., X ≥ 0. On the receiver side, the electrical signal detected by the photodiode (PD) can be modeled as
where h > 0 represents the electro-optical-electro channel coefficient [27] and Z represents the additive white Gaussian noise (AWGN) which contains the contributions of shot noise, thermal noise, and intersymbol interference [3] . For typical indoor VLC systems, the PD receiver remains still. Hence, the existence and the dominance of the line of sight path are assumed. Without loss of generality, we assume that h = 1.
In LED-based VLC systems, the instantaneous optical intensity emitted from the transmitter is proportional to the input electrical signal, and the electrical signal detected by the PDbased receiver is linear with the received optical intensity. Let P denote the nominal optical intensity of a given LED. The input current corresponding to the optical intensity P is denoted as A. Following [25] , the channel quality is measured by the signal-intensity-to-noise-amplitude ratio (SINAR)
where σ represents the standard deviation of Gaussian noise. Assume that the average intensity of the received optical signal is P a , the achieved dimming target is calculated by = P a P . Typically, we have
In practice, the LED wick works in its linear region of operation, which indicates that the output optical intensity is linearly proportional to the input electrical signal. Hence, the constraint in (3) is equivalent to
To be specific, the illumination constraint of the dimmable VLC can be represented as
where ∈ (0.0, 1.0] is the dimming target and A is the average driving current associated with the target illumination intensity.
III. A SPECTRAL-EFFICIENT DIMMABLE TRANSMISSION SCHEME FOR OOK MODULATION
A. A General Framework
Without loss of generality, we assume that A = 1 in this section. For OOK modulation, dimming control is achieved by adjusting the ratio of 1's in the transmitted sequence. A set D of 2 k length-n binary sequences achieves the dimming target d if
. In this case, we also refer to the set D as a dimming control code, denoted by
is not an error correction code but a line code for dimming control. To guarantee reliable transmission, dimming control codes should be used in conjunction with error correction codes. It can be seen that, in an OOK-based VLC system, when the transmitted signal is uniformly distributed over the codewords of D c (n, k, d), the achieved dimming target is d. Consider a set of s dimming control codes
Let p i denote the probability that the i-th dimming control code is used for transmission. For the probability vector
To be specific, the transmission scheme to achieve the dimming target d with the probability vector p is presented as follows. Let u be a binary sequence of length-m to be transmitted. First, partition u into s sub-sequences
We use x to denote the largest integer which is not greater than x. Second, encode u (t) with the dimming control code
). Last, interleave c to form the transmitted sequence. Note that if s = 2, the proposed construction degenerates to the compensation-based dimmable transmission scheme.
The asymptotic spectral efficiency of the proposed transmission scheme is
Given a dimming target, the design of the proposed transmission scheme is equivalent to finding the probability vector p * such that the asymptotic spectral efficiency in (6) is maximized. Mathematically, the design of the proposed scheme is formulated as
Given the set of dimming control codes, (7) can be solved with linear programming (LP). We point out that, for any dimming target d, the feasible region of (7) is nonempty. Considering the set of dimming control codes, we make the following assumption. Assumption: For arbitrary 0 ≤ i < j < t < s, we assume that
This assumption is reasonable as if there exist 0 ≤ i < j < t < s such that
we can always find an optimal solution of (7) with p j = 0. Under this assumption, for i < j, we have,
Similarly, for j < t, we have,
That is
In this paper, instead of solving (7) with a convex optimization solver, we present a closed-form solution by duality. The dual problem of (7) is [28] 
The convex feasible region is defined by s linear constraints and the objective function is defined by a line with slope d in the (λ 1 , λ 2 ) plane. Hence, by Slater's condition, the strong duality holds, which indicates that the optimal solution of the primal problem is identical to that of the dual problem as both of them are simple LP problems [28] . We present in Fig. 1 a graphical representation of the feasible region of the dual problem. Note that we use inequalities in (8) and (9) to obtain the graphical representation. From Fig. 1 , we found that the optimal value of (10) is equal to the minimal λ 1 -intercept of lines with slope d that touches at least one point of the feasible region. Specifically, the optimal value is obtained at the intersected points of two lines. This observation indicates that only two constraints in (10) are active. Hence, according to the complementary slackness condition, the optimal solution of the primal problem only has two nonzero components.
Let m denote the index of the dimming control code such that
Then the optimal solution of the dual problem is
The corresponding dual optimal objective value is
The optimal solution of the primal problem is
It can be seen that, to achieve a dimming target d in the range
are selected for transmission in the proposed scheme, which indicates that the number of non-zero components of the probability vector p is at most two. For an example, to achieve the dimming target of the proposed transmission scheme is given by the following piece-wise linear function
Remark: Note that any given set of dimming control codes can be incorporated into the proposed framework to construct dimmable transmission schemes.
B. Dimming Control Codes From Semi-Constant Weight Codes
In this section, we generalize the construction of dimming control codes in [20] and introduce an improved construction based on semi-constant weight code (SCWC). Before presenting the generalized construction, we first review the original construction based on constant weight codes (CWC) proposed in [20] , which has been used in [29] to construct low-complexity delay-tunable coding scheme for VLC.
Let A n denote the set of all length-n binary sequences. The cardinality of A n is |A n | = 2 n . Let A n,w denote the set of all binary length-n sequences of Hamming weight w. Obviously, we have |A n,w | = , where t represents the largest integer not greater than t. If n w > 2 k , we randomly pick 2 k different sequences from A n,w to form C cw (n, k, w). If the constant weight code C cw (n, k, w) is used for dimming control, the induced dimming control code is D c (n, k, w n ). Taking n = 8 as an example, the values of |A n,w | and k corresponding to different w's are shown in Table I . From Table I , we find that the asymptotic spectral efficiency of the dimming control code D c (8, 6 , 0.500) is 0.75 (b/s)/Hz, which is much less than the expected asymptotic spectral efficiency of 1.0 (b/s)/Hz [11] . To narrow this gap, we propose the following improved construction.
In the proposed construction, the original constant weight codes is taken as the input. Additional binary length-n sequences of different Hamming weights are then added under the constraint that the average Hamming weight remains constant. As a result, the asymptotic spectral efficiency increases while the achieved dimming target maintained. For an example, there are twenty-eight binary sequences of Hamming weight two and sixteen of which forms the dimming control code D c (8, 4, 0.25) . By adding two weight-1 sequences, two weight-3 sequence, and the remaining twelve weight-2 sequences, we obtain a semiconstant weight code C scw (8, 5, 2) , which induces a dimming control code D c (8, 5, 0.25) . It can be seen that the asymptotic spectral efficiency of the newly obtained dimming control code is 25% higher than that of the original dimming control code. The Algorithm 1 is used to construct dimming control codes with high asymptotic spectral efficiency.
Note that Hamming weights of the binary sequences in A n,w are no longer the same, hence the term "semi-constant" is used. If | A n,w | is not a power of two, we delete certain number of sequences of weights w − i and w + i for i > 0 from A n,w such that the cardinality of the modified set is 2's power. Taken n = 8 as an example, parameters of improved dimming control codes are listed in Table I . It can be seen that for d = 0.375, the asymptotic spectral efficiency improves from 0.625 (b/s)/Hz to 0.875 (b/s)/Hz.
The constructed dimming control codes can be used in the dimmable transmission framework proposed in Section III. A to achieve dimming control. Taken the improved dimming control codes with n = 8 as the building component, the asymptotic spectral efficiency of the proposed dimmable transmission scheme is given in Fig. 2 . Also shown in Fig. 2 are the asymptotic spectral efficiency of the compensation-based dimmable transmission scheme and the upper bound of [11] . It can be seen that the proposed transmission scheme performs better than the compensation-based transmission scheme in the whole dimming range. As the number of sequence grow exponentially with n, we only consider dimming control codes with small n in this paper. Particularly, we find that n = 8 achieves a good balance between performance and complexity. To further illustrate the advantage of the improved construction of dimming control codes, we present the asymptotic spectral efficiency of the proposed dimmable transmission scheme when equipped with the original dimming control codes of [20] . It can be seen that higher asymptotic spectral efficiency is obtained with the improved construction.
C. Detection Algorithm and Achievable Rates
The detection algorithm of D c [n, k, d] is described as follows. Assume that the length-k binary sequence u is mapped into c ∈ D c [n, k, d] for transmission and y = (y 0 , y 1 , · · · , y n −1 ) is received. Then, we have,
where
is the modulated sequence corresponding to c. For OOK modulation with amplitude A, we have x = Ac. Typically, high-performance error correction codes are used in companion with the proposed dimming control codes [20] , [30] to guarantee reliable transmission. If non-binary codes defined over finite field F 2 k are employed, the symbollevel detector is implemented based on (15) [20] . Assuming that the codewords of the dimming control code are uniformly transmitted, the bit-level detector can be implemented by computing
In the following, we compute achievable rates of the proposed dimmable transmission scheme by using semi-constant weight codes of length n = 8. Let the random vector X ∈ R 8 be the transmitted signal and the corresponding received signal is denoted as Y = X + Z, where Z ∈ R 8 is the additive white Gaussian noise. The achievable rate is equal to use Monte Carlo simulation to estimate the mutual information I(X; Y ). The probability Pr(y) is computed as
With (17), the achievable rates is estimated as
where J is a large positive integer. We present in Fig. 3 the achievable rates of the proposed dimming control codes. As expected, achievable rates increase with the SINAR. According to the computation results in Fig. 3 , we show in Fig. 4 the achievable rates of the proposed dimmable transmission scheme under different SINARs. Also shown in Fig. 4 are the achievable rates of the compensation-based dimmable transmission scheme. It can be seen that the proposed scheme performs better than the compensation-based scheme in terms of achievable rates.
IV. SPECTRAL-EFFICIENT DIMMABLE TRANSMISSION SCHEME FOR PAM Spectral efficiency of OOK modulation is limited. One approach to overcome this drawback is to use high-order modulations. In this section, we proposed a dimmable transmission scheme for PAM based on the dimmable transmission scheme for OOK modulation proposed in Section III.
Assume that M -PAM is used for transmission. Without loss of generality, the M -PAM signal constellation is denoted by
L for some positive integer L. The maximum spectral efficiency achievable by 
Given the probability vector p, the asymptotic transmission efficiency achieved by the M -PAM under the assumption of reliable links [11] is
In [24] , the probability vector that maximizes the asymptotic spectral efficiency under a given dimming target is obtained by the Lagrange multiplier method. However, to our best knowledge, no practical scheme that achieves this maximum has been proposed. A notable work to approach the limit is the dimmable transmission scheme proposed in [25] . In the following, we introduce a new dimmable transmission scheme for VLC systems with M -PAM signaling. In the dimmable transmission scheme for OOK modulation, to achieve dimming target d 1 , the proportion of 1's in the transmitted sequence is d 1 . Without loss of generality, we assume that a length-K binary sequence is encoded into a length-N binary sequence such that the number of 1's in the length-N sequence is equal to d 1 N .
In the proposed dimmable transmission scheme for M -PAM signaling, we first partition u, the sequence to be transmitted, into binary sub-sequences u (0) , u (1) , · · · , and u
is transformed into the real sequence x (i) with the mapping φ i (0) = 0 and φ i (1) = 2 i . Third, the sub-sequence (i) . The block diagram of the proposed transmission scheme is shown in Fig. 5 . Under the assumption that the information bits are uniformly distributed, the achieved dimming target of the proposed scheme is
where d 1 ∈ (0, 0.5]. Hence, for a given , the achieved dimming range of the proposed scheme is
Considering the dimming range of the proposed scheme, we have the following proposition. 
In the following, we present an upper bound of the spectral efficiency of the proposed dimmable transmission scheme. Assume that d ∈ R , then the dimming target of the -th level is According to the result in [11] , the upper bound of the spectral efficiency is
where X(a) = a when a > 0, X(a) = 0 when a ≤ 0, and
is the binary entropy function. To approach the upper bound in (19) , effective implementation of the inverse source coding scheme of [11] is required, which, however, has not been solved. Hence, for practical consideration, the dimmable transmission scheme proposed for OOK modulation in Section III can be employed. The asymptotic spectral efficiency of the resulting dimmable transmission scheme is
where d 1 is computed according to (18) and
, defined in (14) , is the asymptotic spectral efficiency of the dimmable OOK transmission scheme based on dimming control codes of length n = 8. We compare the asymptotic spectral efficiency of the proposed scheme with that of the state-of-the-art to justify the advantages of the proposed transmission scheme. For L = 2, we present in Fig. 6 the asymptotic spectral efficiency of the proposed scheme. For comparison, we also present in Fig. 6 the asymptotic spectral efficiency of the dimmable transmission scheme proposed in [25] . It can be seen that the proposed scheme performs better than the scheme of [25] in the dimming range (0, 0.5] except for dimming targets 
, the improvement of asymptotic spectral efficiency is zero as the proposed scheme reduces to the scheme of [25] 
. For further comparison, we present in Fig. 7 the asymptotic spectral efficiencies of the proposed dimmable transmission scheme with L = 3 and the scheme in [25] . Similar to L = 2, the proposed scheme performs better than the scheme in [25] in the range (0, 0.5] except for dimming
. From Figs. 6 and 7, we observe that the performance gain of the proposed scheme reduces as the value of L increases.
Remark: The proposed transmission scheme admits the following implementation architecture. The transmitter of the proposed scheme consists of L LED wicks and a central controller. First, the central controller, informed of the dimming target, determines , the number of wicks that should be used. Second, the first − 1 wicks use the traditional OOK modulation, while the -th wick uses the dimmable transmission scheme designated for OOK modulation. We assume that the L LED wicks are packed into a lamp. Hence, the experienced path loss of the light emitted from the wicks are the same. At the receiver, the superimposed signal is received. It can be seen that, in the proposed implementation architecture, the required maximum driving current of the LED wicks is 2 L −1 . In the following, we present a detection algorithm of the proposed scheme. As the -th level is formed by concatenating codewords of dimming control codes, the detector of the proposed dimmable PAM transmission scheme can be implemented by detecting each superimposed length-n subsequence individually. Assume that the number of superimposed levels is and the the dimming control code Example I: We compare the error performances of the proposed scheme with those of the scheme of [25] in coded systems. Assume that the binary code C 2 [N, K] is employed for error control. Let T denote the number of channel-uses of a given dimmable PAM transmission scheme. For fair comparison, the channel quality is measured as 10 × log 10 A σ × K/T = 10 × log 10 T A Kσ .
For simulation, a binary regular LDPC code C 2 [11000, 5500] is constructed by the progressive edge-growth (PEG) algorithm [31] with column weight three and row weight six. The dimmable transmission scheme and the code C 2 [11000, 5500] are combined in the bit-interleaved coded modulation manner [32] . The proposed transmission scheme adopts the detector based on (16) and (22) , while the scheme of [25] adopts the traditional PAM detector. The error performances of the two schemes are shown in Fig. 8 when d = 0.25. It can be seen that the proposed scheme performs 0.6 dB better than the scheme of [25] at bit error rate 10 −5 . In our simulations, the iterative decoding algorithm of the LDPC code is executed with maximum 100 iterations and the scheme of [25] is implemented by concatenating symbols of 2-PAM and 4-PAM.
V. CONCLUSION
In this paper, we proposed using time-sharing and superposition to construct spectral-efficient dimmable transmission schemes. Based on time-sharing, we proposed a general framework for the construction of dimmable transmission scheme for OOK modulation. Within the framework, spectral-efficient dimmable transmission scheme based on semi-constant weight codes was presented. We also computed achievable rates of the proposed dimmable transmission scheme under different dimming targets and different SINARs. Based on superposition, a dimmable transmission scheme for PAM signaling was presented. In the proposed scheme, the first − 1 levels adopt traditional OOK modulation, while the -th level adopts the dimmable transmission scheme for OOK modulation. The transmitted signal is formed by superimposing modulated signals of the levels. Analysis showed that the proposed scheme admitted a higher asymptotic spectral efficiency than the state-of-the-art schemes.
